where I( is the chemical equilibrium constant, v.,j is the reaction stoichiometric coefficient of component i, and a-j is the activity of component i.
Note that salt precipitation equilibrium constraints are active only when salt concentrations reach or exceed salt saturation limits. Below salt saturation limits, salt dissolves in the solution and the salt precipitation equilibrium constraint need not be active.
It is important that chemical reactions be properly identified for a system to be simulated. Physical interactions in solutions are sometimes described by postulating chemical reactions at equilibrium. The chemical theory of solutions should be used only for real chemical reactions. Inaccuracies in simulating reactive chemical systems are often due to incorrect assumptions about the solution chemistry.
Chemical equilibrium constants are often available in the literature (refs. 13, 14 In general, there are two simulation approaches in treating reactive chemical systems. The true composition approach represents the system composition in terms of concentrations of the true species that exist in chemical equilibrium. The apparent composition approach represents the system composition in terms of concentrations of the apparent components that exist prior to the reactions that occur in solution. These two approaches are equivalent since a set of apparent components with chemical equilibrium relationships uniquely defines the compositions of the true species in chemical equilibrium. The composition based on the true species is connected to that based on the apparent components with mass balance equations and chemical equilibrium expressions (ref s. 7, 8, 16-18) .
From a process simulation viewpoint, the true composition approach requires that process specifications be given in terms of the true species. The true species and their compositions are to be carried in each process stream and each unit operation. This approach requires development of an array of new unit operation computational algorithms to solve the chemical equilibrium relationships in addition to the unit operation describing equations (refs. 5, 9, 19) .
The apparent composition approach requires that process specifications be made only in terms of apparent components. The solution chemistry and the true species are transparent to process flowsheets and unit operations. The apparent composition approach makes it possible to use existing unit operation computational algorithms, such as flash algorithms for vapor-liquid equilibrium, liquid phase splitting algorithms for liquid-liquid equilibrium, and distillation algorithms. Note that rigorous representation of the effective partial molar properties of apparent components requires solution of the chemical equilibrium and knowledge of the partial molar properties of the true species (ref s. 18, 19) .
The choice between the apparent composition approach and the true composition approach often is a matter of personal preference. Generally, the apparent composition approach is preferred for simple reactive chemical systems. It offers the advantage that only apparent components need to be taken into account. When the system becomes more complex and it is difficult to select the apparent components, true composition is the desired approach. Sometimes it may be most convenient to use the true composition approach for the modeling of some unit operations and the apparent composition approach for other unit operations.
THERMOPHYSICAL PROPERTY MODELS
In the computer-aided process simulation environment, it is essential that the following thermophysical properties be computed at given temperature, pressure and composition: fugacity molal enthalpy reference state free energy These properties are necessary to perform phase equilibrium calculations, chemical equilibrium calculations, and mass and energy balance calculations.
Often, the most critical properties for process simulation are the fugacities, which determine the amounts, compositions and phases involved. Table 1 summarizes some of the models that are widely used in process simulation. 
22, 23).
Until recently, the treatment of electrolytes in process simulation has been greatly limited by the lack of generally applicable models for activity coefficients of the molecular and ionic species present. In most cases empirical correlations have been used that are applicable only to one particular system, over a limited range of conditions. However, the empirical correlations do not provide a framework for treating new systems or for extending the range of existing data.
Recently there have been a number of significant developments in the modeling of electrolytes. Among the models available, the electrolyte NRTL model (ref S. 24-26 ) may prove to be the most valuable engineering model. The model is applicable to the entire electrolyte concentration range, it requires only binary interaction parameters, and it provides a continuous thermodynamic framework for aqueous electrolytes, mixed-solvent electrolytes, and nonelectrolytes.
Given temperature, pressure, compositions of the true species, and physical interactions of the true species in solution, thermophysical property models compute thermophysical properties for the true species and the mixture of the true species. If the apparent composition approach is used in process simulation, thermophysical properties of apparent components must be computed from the properties of the true species and their compositions (refs. 7, 17) . For example,
where y-j and x are, respectively, the activity coefficient and mole fraction of true species i in solution; and 1a and x1a are, respectively, the effective activity coefficient and mole fraction of component i in the apparent composition approach.
DATA REGRESSION Data regression is an essential step in representing thermophysical properties in process simulation. Most of the thermophysical property models used in process simulation require interaction parameters to be determined from experimental data through data regression.
With the presence of the solution chemistry, chemical equilibrium and solubility product constants need to be determined in addition to the interaction parameters.
The most general mathematical formulation of data regression uses the maximum likelihood principle (or generalized least squares criterion) (refs. 27, 28) . The maximum likelihood principle can be extended for reactive chemical systems (refs. 7, 17) . One key consideration in the extension is that the chemical equilibrium constraints of the solution chemistry must be satisfied.
Often, experimental measurements of thermophysical properties of reactive chemical systems are available as thermophysical properties of apparent components. Typical measurements are listed below:
-solute properties, such as mean ionic activity coefficients -solvent properties, such as osmotic coefficients -fugacity coefficient data, such as vapor pressure depression, vapor-liquid equilibrium data and liquid-liquid equilibrium data -solution properties, such as heat capacity, enthalpy -solubility or salt saturation limits
PROCESS SIMULATION WITH THE SOLUTION CHEMISTRY
Typically process simulation of reactive chemical systems may involve flowsheet simulation with several unit operation blocks that are to be simulated with unit operation models such as those listed in Table 2 . The solution chemistry may be associated with any of the unit operation models. Different solution chemistries may be involved in different unit operation blocks. The chemical reactions may take place in vapor, aqueous, or organic liquid phases. The true species may be molecular solvents, molecular solutes, ionic solutes, or solid salts. Numerous mathematical algorithms have been proposed for solving the chemical equilibrium expressions (refs. 29, 30) . Some solve the sets of nonlinear algebraic equations from the numerical point of view. Others adopt minimization techniques. Some require knowledge of the stoichiometric coefficients for a linearly independent set of reactions from the problem specification point of view. Others require atomic matrix, ionic charge, and product component specifications.
In the process simulator environment, it is very important that the algorithm adopted for solving chemical equilibrium expressions be both efficient and robust. Solving chemical equilibrium expressions, a computing-intensive task, is an integral part of the process simulation and is performed repetitively. For example, in solving a typical flash model with the apparent composition approach, it is estimated that 90% of computing effort goes to apparent component thermophysical property calculation, of which 60% of computing effect is consumed by solving chemical equilibrium expressions. Without an efficient algorithm for solving chemical equilibrium expressions, prohibitively excessive computing time may be encountered for large flowsheets.
With proper selection of numerical algorithms, intelligent checking of the solution chemistry to avoid solving redundant reactions or infeasible reactions, and with the progress in computing power, it is feasible to have a reasonably efficient and robust algorithm to meet the needs of process simulation with reactive chemical systems.
STRUCTURE OF PROCESS SIMULATORS
General purpose steady-state process simulators have been developed to treat reactive chemical systems (refs. 10, 19) . These simulators have been designed to simulate any process with reactive chemical systems, consisting of any number of unit operation blocks, reactions in the solution chemistry, and components.
Key elements of these process simulators can be summarized as follows:
1.
user-friendly input language for simulator users a facility for case study and sensitivity analysis 10. a facility for costing, sizing and optimization 11. a facility for simulation report generation
INDUSTRIAL APPLICATIONS
There are numerous industrial applications for process simulation of reactive chemical systems. Examples include sour water stripping in the petroleum industry, caustic brine evaporation and chlorine recovery in the chlor-alkali industry, acid gas removal in the chemical, gas and power industry, nitric acid separation in the nuclear industry, trona mining in the soda ash industry, organic salt separation in the biochemical industry, black liquor evaporation in the pulp and paper industry, etc. Important process insights and significant economic benefits can be realized through process simulation.
There are two key steps in building a simulation model for reactive chemical systems. The first step is to build a solution "chemistry model which consists of the knowledge of the chemical reactions, the true species, and the physical interactions between the true species. The second step is to build a "process" model which consists of flowsheet topology, feed stream conditions, unit operation conditions, and optionally, feed forward controller and feedback controller. Once a simulation model is developed, engineering studies can be carried out easily to examine sensitivites of key process variables and to optimize the process. 
SATURATION PRESSURE OF WATER-FORMALDEHYDE SYSTEM
The thermophysical property table generation facility of the simulator is used to compute and plot the saturation pressure of a water-formaldehyde mixture as a function of water content at 373.15 K.
Maurer (ref. 12) has examined the solution chemistry of a water-formaldehyde system and reported the formation of methylene glycol and polyoxymethylene in the aqueous phase as follows:
HO_(CH2O)n1_H + CH2(OH)2
Maurer also reported chemical equilibrium constants for the reactions and the UNIFAC parameters for the physical interactions of the true species. 
Water and sulfuric acid are the apparent components. The true species are the undissociated molecular species water and sulfuric acid, and the ionic species hydronium, bisulfate, and sulfate. The Electrolyte NRTL model parameters for molecular-electrolyte interactions have been reported by Goldfarb and Chen (ref. 31) . This solution chemistry model is available in the simulator. Figure 3 shows the simulation input file. Figure 4 shows the computed true species compositions of aqueous sulfuric acid. As predicted by the model of Goldfarb and Chen, bisulfate ion is the main sulfuric acid species up to 90 wt.% sulfuric acid. Above 90 wt.%, sulfuric acid exists primarily as undissociated sulfuric acid. Sulfate ion concentration is very low throughout the entire concentration range.
PRECIPITATION OF FERROUS CHLORIDE IN AQUEOUS HYDROCHLORIC ACID SOLUTION
The simulator is used to establish the saturation limit of ferrous chloride in aqueous hydrochloric acid solution at 298.15 K. A hydrogen chloride stream is gradually added to an aqueous ferrous chloride solution to precipitate ferrous chloride. A sensitivity study is performed to compute saturation limit of ferrous chloride in aqueous solution as a function of hydrogen chloride concentration.
The solubility of ferrous chloride in aqueous hydrochloric acid solution has been examined by Chen (ref. 32) . The solution chemistry involves the following reactions:
Fe2 ÷ 2C1 + 4H20 ---> FeC12.4H20
Hydrogen chloride, water, and ferrous chloride are the apparent components. The true species include the ionic species hydrogen, chloride, ferrous, ferrous tetrachloride, the molecular species water, and the solid salts ferrous chloride dihydrate, ferrous chloride tetrahydrate, and ferrous chloride hexahydrate. The chemical equilibrium constants, the solubility product constants, and the Electrolyte NRTL model parameters for molecular-electrolyte interactions and electrolyte-electrolyte interactions have been published in the literature (ref. 32). Figure 5 shows the simulation input file. Figure 6 shows the computed results of the ferrous chloride saturation limit. The ferrous chloride solubility drops significantly as the concentration of hydrogen chloride increases. Figure 7 shows the stream compositions including flow rates for various true species. Ferrous chloride dihydrate is the precipitated solid salt. The simulator is used to examine two configurations for a sour water stripper. The configuration of the sour water stripper is shown in Fig. 8 . The feed compositions of the two feed streams to the stripper are summarized in Table 3 . It is desired to determine the effect of changing the caustic feed location on the concentrations of hydrogen sulfide, carbon dioxide, and ammonia in the bottoms product. The simulator will be used to compute the change in column composition profiles, pH profile, and bottoms composition due to changing the caustic feed location from stage 4 (Case 1) to stage 9 (Case 2). The sour water stripper system has been examined by many investigators solution chemistry involves seven aqueous phase reactions: (refs. 2, 24) . The H20 H20 ÷ H2S HS
Water, ammonia, carbon dioxide, hydrogen sulfide, and sodium hydroxide are the apparent components. The true species include the ionic species hydrogen, hydroxide, bisulfide, sulfide, bicarbonate, carbonate, and the undissociated molecular species water, ammonia, carbon dioxide, hydrogen sulfide. The chemical equilibrium constants and the physical interaction parameters have been well established in the literature for the sour water stripper system (ref. 24) . This solution chemistry model is available in the simulator.
The simulation input files for Cases 1 and 2 are given in Figs. 9 and 10, respectively. Based on the computed column profiles, substantial effects can be seen when the caustic feed inlet location is changed. The effects are illustrated with the changes in vapor-liquid equilibrium K-values and compositions of ammonia and hydrogen sulfide and computed pH profiles in the column. Such changes are shown via print-plots, given in Figs. 11-16. The hydrogen sulfide concentration at the bottom of the column drops from 100 ppm by mole to less than 1 ppm by mole when the caustic feed location is changed from stage 4 to stage 9. 
